Wound assessment has become an important issue in the wound treatment procedure. One 
Introduction
To reduce the possibility of complications in the wound healing process, a continuous sensor-based monitoring of the healing area is necessary. With this acquired sensory information, possible complications typically resulting from infections of the wound, can be treated promptly so that penetration of pathogens into the body and the bloodstream can be avoided. Inflammation is a complex cellular process that changes the properties of the wound exudate and alters various physiological parameters like; pH [1] , temperature [2] [3] , wound humidity or viscosity [4] [5] , concentration of various ions (particularly reactive oxygen species) [6] [7] and content of lactate [8] [9] or urea [10] [11] . Therefore, the wound healing process can be assessed by continuous monitoring of one or more properties.
A potentiometric wound sensor for the measurement of uric acid concentrations based on carbon fibers has been described by Sharp and Davis [10-11]. The principle is based on the oxidation of uric acid in the carbon fibers, detected by applying a voltage sweep. This method operates in the low frequency range with comparatively high voltages (230 mV), and up to now, the stability and reproducibility of the sensor has been inadequate.
Another approach is the integration of optical fibers surrounded by functional hydrogels, which exhibit a change in their surface properties or turgidity, in response to reactive proteins and pH [12] . This leads to a change in the refractive index, and thus to a change of the evanescent field of the light guide. The optical analysis demands high standards for processing accuracy of the optical set-up, thus making physiological application complicated and costly.
Conolly et al., developed a system for monitoring moisture in wound dressings with integrated textile sensors using a printing technology [4] [5] . The moisture level evaluation is carried out by impedance measurement, but the large-scale arrangement of the electrodes might lead to measurements of spurious artifacts, such as air pockets.
In this paper a novel, miniaturized, textile-based and biocompatible sensor set-up for the detection of pH-changes is presented. The pH value plays an important role in the wound healing process and the precise relationship between the pH value and the condition of the wound depends on the wound type. Generally, it can be said that a permanent pH-value higher than 7.5 over a long period, is an indicator of impaired wound healing [1] .
Methods and Materials
The presented textile-based pH-sensor is designed to fulfill the following demands:
(i) integratability into the dressing using standard textile technologies,
(ii) high degree of flexibility appropriate for the application, (iii) simple electrical readout of the sensor characteristics by using a direct electrical measurement system, (iv) good long-term stability.
A high stability of the sensor setup is achieved by the integration of the electrodes required for the impedance measurement in a one-thread construction (Figure 1) . Therefore, lateral displacement of the electrodes, relative to each other, does not occur. The required electrical insulation of the electrodes and pH-selectivity of the sensor is achieved by using a pHsensitive hydrogel layer between the electrodes. The materials used were selected to; (i) ensure the required electrical and chemical properties, and (ii) be biocompatible. Gold wires with a diameter of 50 µm (supplied by Heraeus) are used as the material of the inner and outer electrode. The electrical insulation and pH-sensitive layer consists of the hydrogel poly(vinyl alcohol) / poly(acrylic acid) (PVA/PAA) with a pH-dependent swelling behavior in the range of pH 5 to pH 11 [13] . PVA and PAA were purchased from Sigma Aldrich and used as received. The preparation of the pregel solution was performed as described in [14] .
The process of fabricating the pH-sensitive multi-layer fiber sensor involved the following steps:
• fixation of a gold wire (inner electrode) in a tension frame (Figure 2 ),
• dip coating the gold wire in a pregel solution (7.5 wt.% PVA/ PAS in H 2 O) and subsequent thermal crosslinking of the PVA/ PAA in an oven (130°C, 30 min),
• manual enwinding of a second gold wire (outer electrode) and
• coating and thermal crosslinking of an additional PVA/PAAlayer for mechanical stabilization and immobilization of the gold wires.
isolating. The resistance of the sensor is then determined by the hydrogel structure. The capacitive behavior afterwards is caused by the ionic movements in the liquid and leads to a drop of the curve. At about 100 kHz, the impedance is constant because ionic movements cannot follow the field changes. In this region, the impedance depends only on the water-dipole elongation. Over the whole spectrum, impedance is strongly related to the distance between the electrodes and this distance changes due to the pH dependent swelling behavior of the hydrogel.
Impedance spectra indicate that a pH sensitivity occurs at a frequency of about 323 kHz. Figure 4 (b) displays the relative impedance change of the absolute impedance of PVA/PAA over pH at this frequency. From pH 6 to pH 9.1 the absolute impedance increases by almost 14%. The physical modeling of this effect is complicated due to an undefined geometric configuration and associated field distributions. Also, the After the sensors have been separated into single sensor elements, the inner and outer wires were connected to an impedance analyzer (Sciospec ISX-3). Measurements of the impedance were performed in a frequency range from 1 Hz to 1 MHz. The sensor was calibrated at pH 6. To adjust the pH values, 1 M phosphor buffered saline (PBS) solution was mixed with hydrogen chloride or sodium peroxide (all purchased from Sigma Aldrich). The pH value was immediately checked with a pH meter (Calimatic 765) following every impedance measurement. Figure 3 depicts the setup of a pH-sensitive multi-layer fiber sensor and a typical impedance spectrum measured with this hydrogel wire sensor is shown in Figure 4(a) . The behavior of the sensor is capacitive with ohmic losses. At lower frequencies the sensor has a resistance of 172 kΩ, which is close to the DC resistance. This value is mostly related to electrical pathways between the electrodes which consist of the hydrogel and the buffer liquid containing ions. In nearly DC conditions, these ions create a Helmholtz double layer, which is highly hydrogel swelling is not defined precisely in this case and could lead to a mechanical destruction of the hydrogel matrix by the gold wires under extreme conditions. These effects have to be considered for further investigations.
Results and Discussion

Conclusions
We assessed the ability of a pH-sensitive multi-layer fiber sensor for wound monitoring. This quite simple approach achieved very promising results for a pH response of the sensor in a physiological relevant range. A defined geometry and increasing number of windings leads to a higher sensitivity and reproducibility. This can be achieved through automatic fabrication of the windings, e.g., with a twine machine. Implementing an adhesion promoter and decreasing the hydrogel thickness to a minimum should considerably increase the output signal. Next steps will include the optimization of adhesion, hydrogel deposition and electrode placements. This will be accompanied by characterization and modeling of the sensor behavior. Finally the sensor has to be tested in in vivo experiments on animal wound models.
